INTRODUCTION
The glycosaminoglycan heparin has been in clinical use for many years as an antithrombotic and anticoagulant agent. It has recently attracted attention in other contexts, notably that of stabilization and potentiation of fibroblast growth factors (FGFs) (Gospodarowicz and Cheng, 1986; Damon et al., 1989) . Its close structural relative heparan sulphate is a ubiquitous component of the cell surface and has been shown to be an essential part of receptor complexes for growth factors (Yayon et al., 1991; Rapraeger et al., 1991) and for some viruses (Savitsky et al., 1990) . Description of the structures and structure-function relationships of both compounds at the molecular level will rationalize and simplify the processes of standardization and control in respect of both current and future clinical applications.
Both heparin and heparan sulphate exert their effects by modulating the activity of proteins to which they bind. As structures for heparin-binding proteins become available, there is an increasing number of molecular-modelling studies of proteinheparin interactions. Such studies need molecular models of heparin. For the heparin polysaccharide, the best data available are given by solid-state-diffraction studies of heparin fibres (Nieduszynski et al., 1977) . Solution-state structures, determined by n.m.r. spectroscopy, are only available for synthetic oligosaccharides resembling the sequence in heparin which has high affinity for antithrombin . The interaction ofantithrombin with the high-affinity sequence has been modelled (Grootenhuis and van Boeckel, 1991) . Molecular-modelling studies of protein interactions with the heparin polysaccharide have used the fibrous structure (e.g. Cowan et al., 1986) or models based on energy calculations alone (Cardin et al., 1991) .
We report the characterization by n.m.r. methods of the solution conformation of the main repeating structure in the experimentally determined 13C spin-lattice relaxation times. In order to achieve good agreement between calculated and observed 'H-'H n.O.e.s it was necessary to assume that the reorientational motion of the polysaccharide molecules was not isotropic, but was that of a symmetric top. The resulting model of heparin in solution is similar to that determined in the fibrous state by X-ray-diffraction techniques [Nieduszynski, Gardner and Atkins (1977) Am. Chem. Soc. Symp. Ser. 48, [73] [74] [75] [76] [77] [78] [79] [80] .
heparin polysaccharide (1) and that in N-desulphated re-Nacetylated heparin (2), using inter-residue nuclear Overhauser enhancements (n.O.e.s) to characterize torsional angles round glycosidic bonds, and coupling-constant data, where available, to determine the orientation of exocyclic groups [at C-6 and C-2 of a-D-glucosamine (GlcN) residues]. We have used the program NOEMOL (Forster et al., 1989) to simulate n.O.e.s for molecular models of dodecasaccharides corresponding to the polysaccharides, using conformational-energy calculations of an unsophisticated kind to generate the initial models. As found previously (Forster et al., 1989) it was necessary to use a symmetric-top model for overall molecular reorientation in solution in order to achieve good agreement between calculated and observed inter-and intra-residue n.O.e.s.
The conformation of iduronate-containing polysaccharides and oligosaccharides is complicated by the well-documented conformational mobility of the iduronate pyranose ring. When the a-L-iduronic acid (IdoA) residue is at the reducing end of an oligosaccharide, n.m.r. data have been interpreted in terms of contributions from three conformers, the 4C1 and 'C4 chairs and the 2S0 skew-boat (Figure 1) (Sanderson et al., 1987) . When the IdoA residue is internal, only two conformations, the 'C4 chair and the 2S0 skew boat, are accessible van Boeckel et al., 1987a; Ferro et al., 1990) . This conformational flexibility complicates interpretation of the n.m.r. data and molecular-modelling procedures. However, sulphated IdoA residues substituted at the 4-position with N-acetylglucosamine, as in 2, assume the 'C4 chair conformer almost exclusively (van Boeckel et al., 1987a) ; 2 is therefore useful as a compound for which a single conformation can be assumed for interpretation of n.m.r. data, allowing subsequent extension of the study to include heparin (1), in which the conformation of the iduronate residue is assumed to be a dynamic equilibrium between the 'C4 and 2S forms. 
MATERIALS AND METHODS Materials
Lung heparin (1) was material remaining from the Second International Standard ofheparin (Bangham and Mussett, 1959) ; N-desulphated, re-N-acetylated heparin (2) was prepared from lung heparin by N-desulphation (Nagasawa and Inoue, 1980) , followed by re-N-acetylation (Danishevsky et al., 1960) .
Molecular-mass distribution estimations by gel-permeation chromatography
Gel-permeation chromatography of the polysaccharides was performed on a 60 cm column of TSK SX 3000 (Anachem, Luton, Beds., U.K.), with 0.1 M ammonium acetate as eluant at 0.5 ml/min using refractometric detection.
Preparations of samples for n.m.r. studies Compounds 1 and 2 were subjected to ion-exchange chromatography to remove paramagnetic impurities. A column (1 cm x 10 cm) of AG 50W-X8 (Bio-Rad, Hemel Hempstead, Herts., U.K.) was converted into the Na+ form by treatment with 5 ml of 0.1 M NaOH and washed with water for at least 24 h before use. Samples for n.m.r. were applied to the column, eluted with about 30 ml of water, and dried by evaporation under reduced pressure. For 'H n.m.r., 20-30 mg ofeach polysaccharide was freeze-dried three times from 99.8 % 2H20 (Goss Scientific Instruments, Ingatestone, Essex, U.K.), then dissolved in 0.6 ml of 100% 2H20 (Aldrich Chemical Co., Poole, Dorset, U.K.) for n.m.r. spectroscopy in a 5 mm tube. For '3C n.m.r., about 100 mg of each polysaccharide was dissolved in 2.5 ml of 2H20 for spectroscopy in a 10 mm n.m.r. tube. N.m.r. spectroscopy Spectra (500 MHz 'H and 125 MHz 13C) were recorded on Bruker AM 500 and JEOL GSX 500 spectrometers; 400 MHz 'H spectra and 100 MHz 13C spectra were recorded on a Bruker AM 400 spectrometer; 67.5 MHz 13C spectra were recorded on a Bruker WH 270, and 50 MHz '3C spectra on a Bruker WM 200, spectrometer. All the spectra were recorded at elevated temperature, usually 60 'C.
'H n.m.r. spectra of polysaccharides in 80 % lH20/20 % 2H2O were recorded at 400 MHz using the 1.3.3.1 sequence for water suppression (Hore, 1983) .
Magnitude-mode two-dimensional correlation-spectroscopy (COSY) spectra of the polysaccharides were acquired at 500 MHz. The instrument manufacturer's standard pulse sequences were used in all cases. Typically 256 spectra of 1024 points each were used, with narrow spectral width (3-4 p.p.m.) giving digital resolution in F2 of about 2 Hz/point. Zero-filling to 512 points was used in Fl, with no zero-filling in F2. 'H/'3C heteronuclear correlated spectra were recorded at 400 MHz using standard pulse sequences supplied by the instrument manufacturers.
"3C spin-lattice relaxation rates (R,) were measured at 67.5 and 50 MHz by the inversion-recovery method. Ten spectra were obtained with a variable delay of 0.001-7.0 s; a relaxation delay of 7 s was sufficient to allow full relaxation of the ring carbon atoms, though probably insufficient for the methyl carbon atoms. Relaxation rates were calculated from the intensities in the spectra using the Marquardt algorithm for non-linear curvefitting.
Computational methods Molecular models were built using ChemX software (designed and distributed by Chemical Design Ltd., Oxford, U.K.) running on a MicroVax II computer. Calculations of van der Waals energies and plots of van der Waals energy against geometry were also performed using the ChemX software. Refinement of the structures by minimization of conformational energy was performed in the MM2 force field (Burkert and Allinger, 1982) , modified for carbohydrates as recommended by Jeffrey and Taylor (1980) . The program NOEMOL, available from the Quantum Chemistry Program Exchange (QCPE 636), Indiana University, Bloomington, IN, U.S.A. (Forster et al., 1989) , was run on Sun 3/160 and IRIS 4D/310 computers.
Modelling of monosaccharides
Co-ordinates for the monosaccharide N-acetylglucosamine were obtained from the Cambridge Crystallographic Data Centre, University Chemical Laboratory, Cambridge, U.K. Co-ordinates for IdoA were obtained from crystallographic data as follows: Nieduszynski et al. (1977) forthe 'C4 form, Mitra et al. (1983) for the 'C, form and Chamberlain et al. (1981) for the 2S form.
The geometry of the sulphate moieties in all the models was derived from the published crystal structure of galactose 6-sulphate (Lamba et al., 1988) . In N-sulphated glucosamine, the sulphamido nitrogen atom was assumed to be tetrahedral as in the fragment C-SO2-NH-Csp3 (Allen et al., 1987) ; the N-S bond length was taken from the same source. Other parameters needed for the sulphate group in the MM2 force field were taken from Ragazzi et at. (1986) .
Modelling of oligosaccharides
Oligosaccharides were built from monosaccharide units modelled as described above with the C'_04'_C4' bond angle set to 1170, and the C'-04 and 04'-C4' bond lengths set to 0.1398 nm (1.398 A). Figure 2 Gel-permeation chromatograms of 1 (--) and 2 ------after baseline correction A 60 cm column of TSK SX 3000 was used, with 0.1 M ammonium acetate as eluant; the elution rate was 0.5 ml/min and refractometric detection was used. The molecular-size profiles of the two compounds are similar; 2 runs slightly faster through the column than 1, indicating that it may be a little larger. 2JH/H; sign not determined experimentally.
RESULTS

Molecular-mass distributions
The gel-permeation chromatograms of 1 and 2 are shown in Figure 2 . It was deduced that chemical modification had not caused serious depolymerization; there is a slight apparent increase in size on modification of 1 into 2. Both compounds are polydisperse, and have molecular-mass distributions similar to those of commercial heparins, with a mean molecular mass of about 13 kDa (Johnson and Mulloy, 1976 ).
1H and 13C n.m.r. spectra
The 'H n.m.r. spectra of 1 and 2 were assigned by means of COSY spectra (results not shown). For both these polysaccharides, two spin systems could be traced from the anomeric doublets downfield of the 'HO2H resonance, one consisting of five spins (arising from the IdoA residue) and one consisting of seven spins (arising from the glucosamine residue). The sample of lung heparin used in the present study was chosen for its unusually high content of 1 (>90 %), and the 'H spectrum confirmed its high degree of homogeneity. This homogeneity was also reflected in the spectrum of 2. Measurement of 3JH H values from the one-dimensional 'H spectra of both compounds is not accurate to better than + 0.3 Hz, owing to broad lines of the spectra even at 60 'C. This difficulty applies particularly to the IdoA signals, where 'JH H values are relatively small (1-6 Hz). Chemical shifts and JH,.
values are listed in Table 1 . Assignment of the 'H spectrum of 1 was reported by Gatti et al. (1979) and the values given in Table  1 agree with this assignment.
The stereospecific assignments for H6-pro-(S) and Hi-pro-(R) follow those given by Nishida et al. (1988) . Those authors established from the spectra of several partially 2H-labelled gluco-monosaccharides that the H6 pro-(R) signal always occurred upfield of the H6 pro-(S) signal, and had the higher 'J5 H6 value. In 2 the two H6 resonances are coincident; in 1 they are separated and the upfield resonance was assigned to H6 pro-(R).
3,HH values could not be used to differentiate between H6 pro-(R) and H6 pro-(S) as both H5-H6 coupling constants are small.
Coupling constants between H2 and NH for 2 were measured from a 'H spectrum in 80 % 'H20/20 % 2H20, in which the NH doublet occurred at 7.82 p.p.m. (3JNHH2 = 9.4 Hz). 13C spectra of the polysaccharides were assigned by two-dimensional heteronuclear COSY, and 13C chemical shifts are listed in Table 2 . The '3C spectrum of 1 is similar to that reported by Gatti et al. (1979) . 3C relaxation times 13C spin-lattice relaxation rates (R,s) for 1 and 2 were measured at both 50 and 67.5 MHz, and are listed in Table 2 Computation of conformatlonal energies Conformational-energy calculations for the disaccharides, modelled as described above, were performed after adjustment of the dispositions of substituent groups to agree with n.m.r. results, particularly for the N-acetyl and hydroxymethyl groups.
The measured 3JN1H CH2 value for 2 (9.4 Hz), is similar to 3JNH, CH2 values in N-acetylglucosamine-containing oligosaccharides (Rao et al., 1985) , which were interpreted as indicating a dihedral angle for H2-C2-N-H of about 1800. The dihedral angle H2-C2-N-H in the molecular models of N-acetylglucosamine was therefore set to this value. (Gatti et al., 1979) , and the same conclusion has been drawn for 6-O-sulphated glucosamine in a synthetic heparin oligosaccharide . The C5-C6 bond was given the g,g conformer in the glucosamine residues of both polysaccharides.
Disaccharides: conformational-energy calculations Four disaccharide models were produced for both 1 and 2: GlcN-(l-4)-IdoA (A-I linkage) and IdoA-(1-4)-GlcN (I-A linkage), with iduronate in both the 'C4 and 2S0 forms.
(2)*t N.m.r. and molecular-modelling studies of the solution conformation of heparin By using the ChemX program, both dihedral angles (0qH:
H_-C'_04'-C4'; = 0 when the bonds H'-C' and 04'_C4' are eclipsed; and H C'-04'-C4-H4'; R = 0 when the C'-04' and C4'-H4 bonds are eclipsed) were varied over the full range possible (-180°to + 180°) and non-bonded energy was calculated at 20' intervals in a grid search. For each grid point, ten cycles of energy minimization, allowing rotation of all exocyclic bonds, was carried out.
Conformations corresponding to energy minima in the maps were refined by energy minimization in the MM2 force field. This allowed alteration of bond lengths and angles, as well as rotation about bonds, and the calculated energy includes terms other than non-bonded interactions between atoms. MM2 minimization included the two glycosidic bond torsional angles, and allowed minimum energy conformations between the 200 steps of the systematic search to be located. The resulting models do not necessarily correspond to the structures which would have resulted from a systematic search of the whole conformational space using MM2 minimization at each step, as has been recommended (French, 1988) . The results of the non-bonded energy calculations are shown as contour maps in Figure 3 . The absolute values of the non-bonded energies are not presented, as they have little physical meaning, and the purpose of the exercise is to identify conformations in which steric clashes are avoided, to act as starting structures for later refinement against experimental data.
A-I linkages When IdoA is set in the 'C4 form, energy minima for the A-I linkages are seen in the lower left-hand quadrant of the maps in Figure 3 (a). In both compounds, alteration of the ring conformation to the 2S0 form (Figure 3b ) reduces the area of the map within 83.7 kJ (20 kcal) of the minimum. Values of qS and j/H for MM2 minima are shown in Table 5 .
I-A linkages
The energy maps for the I-A linkages of 1 and 2 show a large area of relatively low energy (Figures 3c and 3d) with two or more poorly defined minima: one with both qS and 0H positive, and a second with qS negative, and V'H small and positive or small and negative. For 2, a second minor area of low energy exists at 0. = 00, V'H = 180°. Differences between the maps with iduronate in the 'C4 and 2S0 (Figures 3c and 3d respectively) forms are not great; in every case the areas of low energy for the two forms overlap almost entirely. The maps shown are calculated for the g,g rotamer of the C5-C6 bonds in the glucosamine residues; a similar set of maps was prepared for 2 with the g,t rotamer (O6-C6-C5-H5 = -60°, but these are not shown as they do not differ significantly from the maps with the g,g rotamer.
MM2 calculations for the disaccharide models did not provide clear global minima; the two minima in the maps were almost equienergetic in the MM2 force field. Conformations corresponding to these minima are listed in Table 5 . On the basis of these glycosidic angles, dodecasaccharide models (two for each compound, with the IdoA residue set in the 'C4 and 2S0 forms) were built for use in n.O.e. simulations.
n.O.e. simulations using the program NOEMOL
The program NOEMOL (Forster et al., 1989) takes the Cartesian co-ordinates of a molecular model, and, given the field of the spectrometer and the correlation time to be used, calculates the full relaxation matrix ofcross-and auto-relaxation rate constants for all proton-proton interactions. For a particular proton (or group of protons), the n.O.e.s to other spins resulting from a defined set of experimental conditions (for example, saturation or inversion of the chosen spin or spins) can then be calculated over a given time course. In this way spin diffusion is automatically allowed for, which is particularly important for the interpretation of n.O.e.s for macromolecules. n.O.e. simulations for the two polysaccharides corresponded to the experimental conditions under which the n.O.e.s had been measured. As the experiments had been performed for 2H20 solutions of the polysaccharides, the dodecasaccharide models described above (Forster et al., 1989) . By a process of trial and error, a value for TL of 8 ns and for Tll of 0.16 ns (implying rotation parallel to the major axis 50 times Table 5 Calculated low-energy glycosidlc linkage conformations in Table 5 Calculated low-energy glycosidic linkage conformations* in heparin (1) and de-N-desulphated re-N-acetylated heparin (2) disaccharIdes faster than rotation perpendicular to it) were found to give reasonable agreement between calculated and experimental '3C
R1s at both 50 MHz and 67.5 MHz for 2 (Table 3) .
n.O.e. simulations
As the major symmetric top axis runs centrally down the length of the helical model of 2, each disaccharide unit is equivalent with respect to angles made by corresponding C-H and H-H vectors with the top major axis. The 1H and 13C spectra of these polysaccharides consist of coincident contributions from each repeating disaccharide unit, so for n.O.e. simulations, irradiation of corresponding protons in each of several succeeding disaccharide units in the molecular model was simulated. Agreement between predicted and observed n.O.e.s for the model of 2 derived from conformational-energy calculations was good. Table 3 , and as the simulated n.O.e.s were found to be extremely sensitive to small alterations in inter-residue glycosidic angles, further small adjustments would have little physical significance.
For 1 the 2SO form of the IdoA ring must be taken into account, and the fit of simulated and experimental n.m.r.
parameters becomes yet more approximate. Comparisons of calculated and measured n.m.r. data for 1 are listed in Table 4 .
The process of fitting 1H-1H n.O.e.s to a combination of two molecular models was accomplished by trial and error. However, n.O.e.s compatible with the experimental results could be predicted from models with glycosidic linkage conformations similar to those predicted on energy grounds alone, with alterations of torsional angles in the models of more than a few degrees seriously reducing the fit between experimental and observed n.O.e.s. 13C R s were also reasonably well predicted (Table 4) . As was the case for 2, the low-energy conformation for the I-A linkage in which itH was negative could be ruled out as a major contributor. The final models of 1 are shown in Figure 5 . Figure 6 ). The molecular models of dodecasaccharides of heparin derived from the n.O.e. data as described above are shown in the 'C4 form in Figure 5 (a) and in the 2S0 form in Figure 5(b) . The overall length of each dodecasaccharide is near S nm (50 A), implying a rise per residue of just over 0.4 nm (4 A). These distances are similar for both the IC4 and 2S conformations of the IdoA residues. The number of residues per turn is close to 4.
DISCUSSION
The model of heparin shown in Figure 5 (a) is almost identical with the solid-state model of heparin derived from X-ray fibre diffraction measurements (Atkins and Nieduszynski, 1975; Nieduszynski et al., 1977) . The crystallographic repeat unit was found to be a tetrasaccharide of length 1.65 nm (16.5 A), close to the value of 1.67 nm (16.7 A) given by our n.m.r. model. The best agreement with the diffraction data was given when IdoA was in the 'C4 form and C5-C6 of the glucosamine residues in the g,g rotamer (Nieduszynski et al., 1977) . Gatti et al. (1979) also provided some n.m.r. evidence that the solution structure of heparin resembles the solid-state structure; they found that the chemical shift of H' of the glucosamine residue was pH-sensitive, and attributed this to its close proximity to the carboxy group of the IdoA residue.
One distinctive feature of the structures shown in Figure 5 concerns the disposition of the sulphate substituents. In 1 three sulphates on successive residues form a cluster on one side of the polysaccharide chain (see Figure 5a for the model with IdoA in the 'C4 form), the next three on the opposite side, and so on; the same clusters persist with an altered geometry when the iduronate residues take up the 2S0 conformation ( Figure Sb) (van Boeckel et al., 1987b) , less specific ionic interactions between heparin and proteins will be dominated by the highly acidic sulphate groups, at least in fully sulphated sequences (i.e. 1). Cardin et al. (1991) have identified a peptide of apolipoprotein E which adopts an ahelical conformation on binding to heparin; the amphipathic helix has one hydrophobic face and a positively charged face suitable for binding to a parallel heparin helix. Similar helical structures have been predicted for heparin-binding sites in a number of proteins (Cardin and Weintraub, 1989) ; within these sequences, basic residues occur in clusters of two or three . Ferran et al. (1992) have designed and synthesized a helical heparinbinding peptide with cationic residues spaced so that their positively charged side chains are on one face of the helix; Pratt and Church (1992) have identified a peptide from protein C inhibitor which has these properties and binds heparin, and showed that the same residues in random order do not have the same affinity for heparin. The induction of helical secondary structure in basic homopolypeptides by binding to heparin has long been recognized (Blackwell et al., 1977) . Other interactions between heparin and proteins involve only a small part of the heparin molecule; these include the capacity of heparin to compete with Ins(1,4,5)PJ for its receptor (Tones et al., 1989) ; and probably the important interaction between heparin and growth factors; sulphated sugars as small as disaccharides can mimic the stabilizing and potentiating function of heparin with basic fibroblast growth factor (Folkman and Shing, 1992 
